INTRODUCTION
Thraustochytrids are microorganisms that are widely distributed in marine environments. They are expected to be a source of single-cell oils, especially docosahexaenoic acid DHA, C22:6n-3 1 . Some thraustochytrids accumulate large amounts of lipids. Nutritionally, DHA is one of the essential fatty acids 2 . To date, our team has studied DHA production using Aurantiochytrium limacinum strain mh0186. In a previous study, we researched the effect of culture temperatures on the growth, lipid content, and fatty acid composition of this strain 3 . In that study, we confi rmed that strain mh0186 could grow well in a wide range of temperatures and that the accumulation of total lipids was stable within this range. Furthermore, the unsaturation of fatty acids was regulated by culture temperatures, and the unsaturation progressed well when the temperatures decreased. In particular, the ratio of DHA to total fatty acids dramatically increased when the temperature decreased from 15 to 10 59 to 75 . However, the biomass 0.6 g/L of cultured cells at 10 was very low compared with that 6.7 g/L at 15 . Therefore, DHA yield was also much higher at 15 0.8 g/L than at 10 0.04 g/ L . However, cultivation at low temperatures is expensive and impractical because it is necessary to control the temperature for an extended duration. Previously, Jain et al. 4 reported that the DHA content in thraustochytrid biomass markedly increased because of exposure to cold temperatures. In this study, we carried out a preliminary investigation of the effect of cold shock treatment on the lipid content and fatty acid composition of A. limacinum strain mh0186 that was cultured at a temperature suitable for growth in order to evaluate whether such treatment is effective for enhancing DHA production.
ASW , pH 7.0 were transferred to 10 mL of a GY liquid medium consisting of 10 g yeast extract, 30 g glucose, 0.1 vitamin mixture 200 mg vitamin B 1 , 1 mg vitamin B 2 , 1 mg vitamin B 12 , distilled water 100 mL , and half-strength ASW 1000 mL pH 7.0 in a test tube and used as seed cultures. The seed cultures were grown at 28 for 72 h with shaking 140 rpm .
The cells were harvested by centrifugation 3,000 g, 5 min and then washed twice with sterile half-strength ASW. The optical density at 660 nm OD 660 of the cell suspensions was adjusted to around 1.0 with the same solution using an ultraviolet/visible UV/VIS spectrophotometer V530, JASCO, Tokyo, Japan . The cell suspensions were inoculated to 40 mL of GY liquid medium in a 100 mL Erlenmeyer flask. The flasks were incubated at 10, 15, and 28 separately for 96 h with rotary shaking 100 rpm . After incubation, the cells were harvested by centrifugation 5000 g, 5 min to determine the biomass and total lipid content and analyze the fatty acid composition.
Cold shock experiment
After incubation for 96 h, the culture was stored at 10 for 72 h. Aliquots of the culture broth were collected after 8, 24, 48, and 72 h during cold shock treatment to determine the total lipid content and analyze the fatty acid composition. To determine the biomass, the cell pellet was washed once with distilled water and then freeze-dried in a FD-5N freeze dryer EYELA, Tokyo, Japan .
Determination of total lipid content and analysis of
fatty acid composition The total lipid in the freeze-dried cells was extracted using the method reported by Folch et al. 6 , and the total lipid content was gravimetrically measured. The total lipid extracted was esterifi ed by reactions at 80 for 3 h with HCl-methanol solution. The analysis of fatty acid methyl esters FAMEs was performed using a gas chromatograph GC-2014, SHIMADZU, Tokyo, Japan . The injection port and flame-ionization detector were maintained at a temperature of 250 . The column temperature was initially maintained at 150 , and it was programmed to be increased to 220 at a rate of 2 per min. Helium was used as the carrier gas. The peak of each fatty acid was assigned via comparison with the retention time of standard fatty acids.
Statistical analysis
The data for the growth experiment was statistically compared using one-way analysis of variance ANOVA , and signifi cant differences were identifi ed by Tukey s t-test P 0.05 . In the case of the cold shock experiment, significant differences were identified by Student s t-test. These analyses were carried out with SPSS Version 10.0 software SPSS, Chicago, IL, USA . Figure 1 shows the biomass of cells cultured at 10, 15, and 28 . The biomass at 10 0.5 g/L was significantly lower than those at 15 and 28 6.1 and 6.7 g/L, respectively . No signifi cant difference was observed between the biomass of cells cultured at 15 and 28 . Figure 2 shows the total lipid content of the cells cultured at 10, 15, and 28 . The total lipid content at 10 0.13 g/L was significantly lower than those at 15 and 28 0.45 and 0.46 g/L, respectively . No significant difference was observed between the total lipid content of cells cultured at 15 and 28 . Table 1 shows the fatty acid profi les of cells cultured at 10, 15, and 28 , and cultured at 28 and stored at 10 for 72 h. In the growth experiment, when the temperature was decreased from 28 to 10 , DHA increased 42.9 at 28 , 59.8 at 15 , and 65.3 at 10 and DPA decreased 9.8 at 28 , 7.2 at 15 , and 4.1 at 10 . In addition, unsaturated fatty acids increased 55.2 at 28 , 71.5 at 15 , and 73.7 at 10 and the ratio of C22:6n-3 to C22:5n-6 increased 4.4 at 28 , 8.3 at 15 , and 16.0 at 10 . In the cold shock experiment, DHA and unsaturated fatty acids of cells cultured at 28 and stored at 10 for 72 h were almost stable, and palmitic acid C16:0 increased. In the case of odd-numbered fatty acids, C15:0 and C17:0 decreased over time and were below the detection limit after 96 h. DPA decreased over time until 72 h from 9.5 to 7.6 . Other fatty acids did not change signifi cantly before and after the cold shock treatment.
RESULTS AND DISCUSSION
Jain et al. 4 examined the effect of low temperature on the DHA content of eight thraustochytrids Ulkenia radiate, Ulkenia sp., Aplanochytrium minutum, Schizochytrium sp., Thraustochytrium aureum, and three undefined strains . When cultures were grown at a low temperature, DHA of Ulkenia radiate and undefined strain E4F increased, while those of undefined strains ML15 and Iso remained stable. Because of the cold storage of the biomass cultured at room temperature, DHA of T. aureum and Schizochytrium sp. expectedly increased, whereas that of A. minutum decreased. The effect of cold shock on DHA production was reported to be dependent on the thraustochytrid strain. They also reported that in most cases, when DHA increased, total fatty acids also increased. In our study, the DHA of strain mh0186 did not increase Table 1 . However, the total lipid content increased signifi cantly because of cold storage for 96 h Fig. 2 . C22:5n-6 is considered a direct precursor of DHA, and In the growth exp., values denoted with different capitals indicate signifi cant differences (one-way ANOVA, P < 0.05). In cold shock exp., values are statistically compared with that at 28 in the growth exp. Asterisks indicate signifi cant differences (Student t-test, P < 0.05).
the ratio of C22:6n-3 to C22:5n-6 is an indicator of the degree of fatty acid unsaturation 7, 8 . In this study, this ratio increased because of cold shock treatment with the decrease in DPA, whereas the ratio of DHA to total fatty acid did not change Table 1 . In short, the increase in DHA/ DPA was only because of the decrease in DPA and not the increase in DHA. Therefore, it is thought that the increase in DHA/DPA was not related to fatty acid unsaturation. On the other hand, the unsaturation of fatty acids progressed with cultivation at 10 and 15 relative to that at 28 . Therefore, cold shock treatment did not induce the unsaturation of fatty acid any more than did cultivation at low temperatures. There are two distinct fatty acid synthetic pathways in thraustochytrids. DHA synthesis in A. limacinum strain mh0186 is considered to be catalyzed by a polyketide synthase PKS data not shown . The PKS pathway anaerobic pathway differs from the elongation/desaturation pathway aerobic pathway . Metz et al. 9 reported that the DHA synthesis in Schizochytrium sp., probably the same as that in Aurantiochytrium, occurred by the PKS pathway.
The different responses to low temperatures among species might be due to the biosynthetic pathway of fatty acids in each species 4 .
The result of the present study indicated that the unsaturation of fatty acids in strain mh0186 progressed with cultivation at low temperatures; however, the cold storage of biomass did not affect the unsaturation of any fatty acid except for n-6 DPA. Further, the influence of cold shock treatment on various thraustochytrids needs to be investigated to gain a better understanding of the relationship between low temperatures and fatty acids unsaturation in thraustochytrids.
